INTRODUCTION
Several nanostructures composed of graphitic layers, including nanographene platelets carbon nanofibers and nanotubes (CNTs) are currently the focus of intense experimental and theoretical investigation. CNTs can be classified into single-walled nanotubes (SWNTs), and multiwalled nanotubes (MWNTs). SWNTs consist on a single and tubular graphene layer with diameters of 1-2 nm and typical lengths around 1 micron, with lengths as long as centimeters in some special cases [1, 2] . In contrast, MWNTs are comprised of a number of graphene layers coaxially rolled together with diameters ranging from 2 to 100 nm and lengths of tens of microns [3] . CNFs, also known as Cup-Stacked Carbon Nanotubes (CSCNT) have a unique morphology in which graphene planes with exposed edges are placed on the outer surface of the fiber [4] . Their outer diameter is slightly larger than for CNTs, ranging from 50 to 200 nm; the inner diameter ranges from 30 to 90 nm and the lengths are in the range from 50 to 100 lm [5, 6] .
One main difference among CNFs and CNTs is the orientation of the graphene planes, which in the case of CNFs are canted at a certain angle from the fiber axis. This characteristic promotes a higher chemical reactivity across the sidewalls in CNFs, a key factor for chemical functionalization and electrochemical applications. Furthermore, they show excellent mechanical properties, with values of tensile strength of a few GPa, tensile modulus of some hundreds GPa [7] , electrical resistivity of $10
25
O m 21 [8] and thermal conductivity with values of 1950 W/(m K) [9] . These characteristics, together with the lower production cost than CNTs, have lead CNFs to be under intense investigation.
One important application of CNFs is in the field of composite materials. By incorporating relatively small loadings of CNFs in the polymer matrix, electrically conductive composites can be produced with increased mechanical performance.
There are studies reporting the effects of CNFs on the crystalline morphology and thermal degradation of polymers. In this regard, it has been reported that the nucleation rate of PP increases with 5 wt% of CNFs [9] and a two-layer structure for the interface existing between PP and CNFs which influences the thermal degradation of the polymer, was proposed based on thermogravimetric analysis [10] .
Associated to their large surface area and growth method, CNFs tend to aggregate, which may negatively affect the composites properties. Dispersion is one of the hardest technological challenges for the successful use of CNFs in composite applications. Success strongly depends on controlling the degree of dispersion of CNFs in the host matrix and investigating its influence in the macroscopic properties of the final composite. In this regard, a quantitative assessment of dispersion and distribution represent, therefore, a crucial prerequisite to determine accurately the best route to high-performance multifunctional CNFs or CNTs based nanocomposites [11] [12] [13] [14] [15] .
Several studies focused on the quantitative analysis of dispersion can be found in the literature. Recently, Schulte et al. correlated electrical conductivity of MWNT/carbon black epoxy nanocomposites with morphology, through transmission electron microscopy (TEM) and transmission light micrographs [16] . Lillehei et al. through radial power spectral density fractal dimension, and Minkowski functional analysis methods based on optical and electron microscopy, characterized morphology in several laser ablated-SWCNTs based polymer composites. In their study, values of bundle diameters and spacing, segment lengths, and degree of randomness were reported [11] . In their comparative study of dispersion in MWCNTs and CNFs polyester resin composites, Vera-Agullo et al. evaluated the dispersion in microscale using the method suggested by Andrews et al. [12] and the dispersion at the nanoscale through TEM. The study analyzed processingmorphology relationships, concluding that the best dispersion is attained with the more energetic mixing conditions [17] . The analysis done by Gershon et al. on high impact polystyrene (HIPS)/CNFs composites fabricated by twinscrew extrusion (TSE) is based on a rule-of-mixtures, ROM formulation, which allows determining a dispersion limit of 3 vol% above which CNFs do not further dispersed in the host matrix [13] . Finally, Brooker et al. quantified the dispersion of CNTs with thermoplastic in epoxy systems using grayscale and quadrat methods to analyze macroscale and nanoscale respectively. The ratios variance/mean are calculated and compared for both methods [18] . In summary, although several routes to correlate structure with final properties have been proposed, a method, which establishes clearly dispersion-structureproperties relationships, is still under investigation.
In this work, four different carbon nanofibers (CNFs) were incorporated in the same polypropylene (PP) matrix by TSE under the same processing conditions. The effect of the incorporated CNFs on final microstructure, thermal, crystallinity, mechanical, and electrical performance was systematically investigated. Furthermore, a quantitative method based on transmitted light optical microscopy by means of grayscale analysis (GSA), as previously described in [19] , is proposed to determine and correlate the dispersion of the CNFs' clusters with the composite's properties.
EXPERIMENTAL

Materials
A PP powder intended for injection molding was purchased from Borealis EE002AE, with a specific gravity of 0.905 g cm 23 , melt mass-flow rate, MFR, of 11 g/10 m. CNFs PR19 LHT XT, PR24 LHT XT, PR25 PS XT, and PR 25 AG, commercially known as Pyrograf III TM were provided by Applied Sciences (ASI, Cedarville, OH) [20] . An overview of the main properties of the CNFs and formulations are summarized in Tables 1 and 2 , respectively. A TEM image of two kinds of CNFs is shown in Fig. 1 , the main characteristics being in accordance to the description presented in Table 1 .
Processing of PP/CNFs Nanocomposites
The series of PP/CNFs nanocomposites were fabricated under the same processing conditions on a modular lab- The modular screw geometry was comprised of one special transport module with a small pitch of 6.5 mm located in the solid conveying zone together to a series of 8 kneading block disks with a staggering reverse angle of 2308 (''left-handed''), located just before the melt conveying zone, and two final transport modules with a pitch of 13 mm in the melt conveying zone. Thus, the screw configuration used represents high shear mixing conditions and long residence times during processing. The extrusion process was performed at a constant feed rate of 150 g h 21 of PP by means of a volumetric dosing unit Moretto DVM 18 L, while the as received CNFs were gradually fed downstream in the melting zone of the extruder to obtain the controlled fiber loadings in the nanocomposites. The screw rotational speed was kept constant at 50 rpm and all compounded blends were carried out at a fixed barrel temperature of 1908C.
Finally, the extruded and pelletized PP/CNFs nanocomposites were compression molded into rectangular plates. Further details about melt-compounding conditions, machining and final dimensions of the samples used for the mechanical and electrical characterization have been previously published [21] .
CHARACTERIZATION
Scanning Electron Microscopy Analysis
Specimens were broken under cryogenic conditions and then examined using a JEOL JSM-6400 scanning electron microscope (SEM) at an accelerating voltage of 20 kV to study morphology and CNF dispersion of the composites. The samples were previously sputter-coated with a thin layer of gold.
Differential Scanning Calorimetry (DSC) Measurements
DSC analyses were performed using a DSC-7 (Perkin Elmer Cetus Instruments, Norwalk CT) between room temperature and 1908C in heating and cooling runs at a scan rate of 108C min 21 under nitrogen atmosphere to evaluate the influence of CNFs on crystallization behavior of PP.
Thermogravimetric Measurements
The study of the thermal stability of nanocomposites and their degradation kinetics was carried out in a TGA-7 thermo balance (Perkin-Elmer). Nickel and Perkalloy were used for the temperature calibration. The samples with weights between 5 and 10 mg were tested from 50 to 6508C in a nitrogen atmosphere at heating rate of 108C min 21 
.
Electrical and Mechanical Measurements. Electrical characterization was obtained from the average of the bulk resistance measured in ten rectangular replicates per sample with an automated Keithley 487 picoammeter/ voltage source. The dimensions of the samples were 49 3 10 3 1 mm 3 . All the experiments were performed at room temperature in direct current, DC, by using the twoprobe method and volume conductivity in S cm 21 was calculated [21] .
The tensile modulus was measured in 10 replicates per sample with dimensions 15 (length) 3 4 (width) 3 2 mm 3 (thickness) in parallel section, using an AG-IS Shimadzu testing machine with a load cell of 500 N at a speed of 2 mm min 21 .
Grayscale Analysis. Dispersion of CNFs' clusters was studied by a GSA based on transmitted light optical microscopy, according to the methodology explained in [19] . An Olympus BH2 transmittance light microscope was used. The total scanned area was about 2.3 mm 2 (equivalent to 100 adjacent micrographs of 170 3 135 lm), which is considered large enough to be representative of the sample. Because transmitted light optical microscopy has a scale limitation of $1 lm, CNFs agglomerates above 1000 nm would be visible and individual CNFs will scatter light. PP/CNFs composite samples were cut into rectangles of $4 3 2 mm and 10 lm in thickness using a sliding Leitz 1300 microtome equipped with a glass slicing knife. The samples were then placed between a microscope glass slide and a cover glass. To prevent curling up or corrugating, Canada balsam glue (Alfa Aesar, CAS# 8007-47-4) was used. All samples were left to cure under pressure prior to analysis.
A number of 100 adjacent optical micrographs were taken using at least two samples for each composite. The size of each captured image was 1280 3 1024 pixels corresponding to an analyzed area of $170 3 135 lm per picture.
After capturing the images, the micrographs were postprocessed using image analysis software developed inhouse, which assigned a grayscale to each pixel (0 for a black pixel and 255 for a white pixel on an 8-bit resolution case), acquiring the histograms for all 100 adjacent images and their individual variance was calculated. Finally, the overall histogram was then created from which the final variance was obtained.
RESULTS AND DISCUSSION
Dispersion and Morphology of PP/CNFs Nanocomposites
The SEM images of 0.9 vol% CNFs filled nanocomposites show the four composites' structures. In PR 19 LHT XT and PR 24 LHT XT composites (Fig. 2a and b) , the CNFs are well dispersed and distributed. In PR 25 PS XT and PR 25 AG composites, (Fig. 2c and d) , in opposite, though show also well distributed and dispersed morphology, exhibit a larger distance between fibers for the same loading of 0.9 vol%, especially when compared with PR 24 LHT XT composites (Fig. 2b) . This fact suggests the need of a larger content of CNFs to provide electrical conductive composites.
In addition, the SEM images of 0.2, 0.9, and 1.4 vol% for the PP/PR 19 LHT XT composites (Fig. 3) show closer distances between CNFs with increasing filler concentrations when compared with SEM images of 0.2, 0.9, and 1.4 vol% for the PP/PR 25 PS XT composites (Fig. 4) . In PP/PR 19 LHT XT composites, in particular the electrical percolation threshold is bounded between 0.5 and 0.9 vol% as it will be discussed in the electrical properties section. Due to the similar microstructure observed in Fig. 2 between PP/PR 25 PS XT and PP/PR 25 AG composites, and between PP/PR 19 LHT XT and PP/PR 24 LHT XT composites, only the PP/PR 19 LHT XT and PP/PR 25 PS XT composites were thermally characterized for all CNFs' contents, whereas the four composites were systematically mechanical and electrical characterized. Figure 5c represents a layout of 100 contiguous 8-bit grayscale micrographs for PP/24 LHT XT composites with a loading of 0.5 vol%. This composition, representative for the rest of the samples, is presented with the aim of describing the way in which the GSA was performed. Overall, some agglomerates randomly distributed with different geometries and sizes, ranging from a few to a hundred micrometers, are noted. The two micrographs to the right in Fig. 5b show two large agglomerates of different shape, in contrast to the two micrographs to the left, which show smaller clusters or groups of carbon fibers apparently well distributed. Figure 5a shows the grayscale histograms constructed from the four micrographs of Fig.  5b . The histograms (Fig. 5a ) demonstrate how the method allows differentiating the images with small agglomerates (histograms to the left with only one peak) from those images with large aggregates (histograms to the right with two peaks and, as a consequence, a larger value of variance). Figure 6 shows a series of three representative micrographs with different loadings of 0.9, 1.4, and 1.9 vol%, from left to right, for the same PP/24 LHT XT composites. In general terms, the images give information about an increase in the number of agglomerates randomly distributed as a function of loading. Furthermore, a change in the degree of gray is observed, showing darker levels of gray for the case of 1.9 vol% loading, which is directly related to the lower transparency of the higher loaded samples. The 1.9 vol% micrograph shows a larger number of agglomerates as compared with the other ones. The histograms calculated from these three images (Fig.  6b) reflect a change from a sample with isolated agglomerates and a dominant presence of a lighter type of gray (0.9 vol%) to an increasing number of large clusters, a darker type of gray-values (indicative of a larger volume concentration of CNFs) and finally a bi-modal-like curve which indicates the largest agglomerates (1.9 vol%). Finally, the values of variance as a function of concentrations are shown for all composites in Fig. 7 . From the data, it is observed that the composites with PR 24 LHT XT fibers show the best dispersion (the smallest variance) of CNFs' clusters for all fiber loadings. Overall, all samples show a similar trend: an increase in the value of variance with increasing CNFs loading, indicating increased difficulty in dispersing the CNFs at higher concentrations. Furthermore, all samples show a maximum variance for the concentration of 1.4 vol%, above this concentration the value of the variance decreasing consistently for all samples. This can be explained by an upper limiting characteristic of the analytical method: above a critical concentration, the variance results in narrower dispersion peaks due to the presence of large clusters uniformly appearing over the complete scanned area, thus resulting in darker areas.
Thermal Properties of PP/CNFs Nanocomposites
DSC analyses were performed to obtain information about the influence of different CNFs on the melting and crystallization behavior of PP. DSC thermographs for PP/ PR 25 PS XT composites as a function of CNF content are shown in Fig. 8a , whereas thermographs for all nanocomposites at 0.9 vol% of CNFs are showed in Fig. 8b . Table 3 shows the compilation of the main parameters obtained from the DSC scans for PP and the composites with different CNFs at 0.9 vol% corresponding to second heating scan.
All composites and concentrations show a single melting (Fig. 8) and crystallization (cooling scans, not shown) peak corresponding to the melting of the crystalline phase of the PP. The crystallization temperature, T c , (Table 3) decreases slightly with respect to pure PP independently of the type of CNF. However, the melting temperature, T m , of the PP was 165.38C, whereas the T m of the composites was somewhat lower independently of CNFs' type ( Table 3 ). The decrease of T m is to be ascribed to a reduction in crystallite size in the presence of CNFs: the CNF causing a more heterogeneous crystallization, reducing size, and perfection of the polymer crystals [22] . Finally, the variations in T m , T c , and DH m due to the filler concentration in PP/PR 19 LHT XT and PP/PR 25 PS XT composites (not shown) are not significant in all composites.
The degree of crystallinity, DX c , was calculated using Equation 1:
where DH m is the sample melting enthalpy and DH 0 , is the melting enthalpy of the 100% crystalline PP, which was reported to be 207 J g
À1
, all dates were normalized with PP, correspondingly [23] .
The incorporation of CNF into the polymer matrix is accompanied by an increase of crystallinity from 38% for the PP up to around 50% for the composites (Table 3) , related to the promotion of a more heterogeneous crystallization of the polymer by the fillers [24] . This effect was observed even for the lower CNF concentrations, to be more specific, further addition above 0.5 vol% of CNFs does not lead to major improvement of the degree of crystallinity for PP/PR 19 LHT XT and PP/PR 25 PS XT composites.
Thermogravimetric analysis (TGA) was used to evaluate the thermal degradation of PP and nanocomposites and the filler matrix interaction [24] . Figure 9 shows the TGA data obtained for PP and for the PP/PR 19 LHT XT and PP/PR 25 PS XT composites with different filler contents. All samples show a major weight loss process between 300 and 4508C due to degradation of polymeric matrix.
From the TGA experiments the initial temperature, T initial , defined as the temperature at which the material begins to lose its mass, and the onset temperature, T onset , calculated by extending the predegradation portion of the curve to the point of the interception with a line drawn as a tangent to the steepest portion of the mass curve occurring during degradation [25] [26] [27] were identified. These two temperatures, T initial and T onset , together with the maximum of derivative thermogravimetric analysis (DTGA) defined as the temperature of maximum loss weight rate, T max , are including in Table 4 CNFs composites improved thermal stability compared with the neat PP. The enhanced thermal stability of PP/PR 25 PS XT nanocomposites (Fig. 9b ) compared with PP/PR 19 LHT XT nanocomposites (Fig. 9a) , is ascribed to a better interaction between the polymer matrix and the filler. In this regard, the free radicals generated by the thermal decomposition of the polymer are deactivated through their recombination with the free electrons residing on CNFs [28] . Moreover, for the PR 25 PS XT composites, it was noticed that a small amount of 0.2 vol% of CNFs affects the PP degradation process significantly, whereas for filler loadings higher than 1.4 vol%, the thermal behavior improvement remains practically unaltered.
To complete the thermal degradation study, the thermal degradation kinetics was obtained for all composites. Kinetic parameters such as, activation energy, Ea, and preexponential factor, A, for the thermal decomposition of PP and nanocomposites have been determined using CoatsRedfern (CR) method [29] . Other authors used successfully this method for the thermal degradation study of polymer systems [30] [31] [32] .
This method makes use of an asymptotic expression to determine both E a and A, following the Equation:
where
And gðaÞ ¼ Àlnð1 À aÞ for ðn ¼ 1Þ (4) where a represents the degree of conversion and q the rate of heating. According to the above equation, a plot of ln gðaÞ T 2 h i vs. 1/T should result in a straight line with a slope equal to 2E a /R, for the correctly chosen value of n. The order (n) of decomposition reaction was determined from the best linear fit of the kinetic curve (shown in Fig. 10) , which gives the maximum correlation coefficient. The curves are fitted by the method of lest squares, in the range of conversion 0.05 \ a \ 0.30. For all the fittings, R is higher of 0.997. From the slope of the curve and from the intercept, the values of E a and A showed in Table 4 were calculated, respectively. Finally, the Arrhenius equation (Eq. 5) was used to calculate the rate constants for the thermal decomposition of PP and nanocomposites.
The activation energy of degradation of PP was found to be about 118.1 kJ mol 21 , similar to the value obtained for other authors [32] [33] [34] [35] [36] [37] . In the case of PR 19 LHT XT composites, the activation energy maintains practically constant around 100 kJ mol 21 with increasing filler content (Fig. 11) . However, for the PR 25 PS XT composites, a continuous increase is observed with increasing CNT content (Fig. 11) , which is ascribed to the stronger interaction between the PR 25 PS XT nanofibers and polymer when compared with the PR 19 LHT XT composites.
It is worthwhile to note that the reactions involved during the polymer degradation follow complex mechanisms and each one has its own activation energy. Accordingly, it is difficult to draw conclusions because of from the CR method only global activation energy can be calculated. However, this method is good enough to compare the behavior of PP/PR 19 LHT XT and PP/PR 25 PS XT composites.
Mechanical Properties of PP/CNFs Nanocomposites
The normalized elastic modulus of the neat PP and CNFs nanocomposites obtained though strain-stress measurements is shown in Table 5 . Overall, a gradual and similar improvement in modulus with loading is noted independently of the type of CNFs. In particular, the PP/ PR 19 LHT XT and PP/PR 25 PS XT composites show better performance with an improvement of 29 and 32% in Young's modulus for CNF loadings of 0.9 and 2.4 vol%, respectively. The combination of larger diameter together with heat treatment to temperatures of 15008C, demonstrates to have good effect in mechanical performance for the first case, whereas for the second case, the disordered pyrolitically stripped layer seems to promote better adhesion between matrix and this particular PR 25 PS XT fiber consistent with results observed in thermal analysis.
The comparison of the variance parameter obtained in the GSA analysis and the Young modulus show a correlation, in this regard both values are increasing as a function of fiber fraction (Fig. 7 and Table 5 ) up to 1.4 vol% CNF loading (for the variance's case), and between 0.9 and 1.4 vol%, depending on the type of CNF (for the elastic modulus' case). These facts are consistent with the study by Gershon et al. with PR-19 CNFs in HIPS composites processed by TSE [13] . In their analysis, it was determined that at lower loadings of CNF, 70-75% of the CNFs are successfully dispersed by the TSE process. More specifically, a dispersion limit of $3 vol% was calculated. Above this limit, the relative volume fraction of the dispersed CNF decreases. In our study, the analysis of variance suggests a dispersion limit of 1.4 vol%. For higher loadings, big clusters dominate that would explain the stabilization of the Young's modulus for concentrations above 1.4 vol% for all composites.
Nevertheless, the variance should be complemented with other type of morphological analysis if the goal is to find direct relationships between dispersion and final mechanical properties: the PR 24 LHT XT composites, which show the lowest variance and therefore the better CNFs' cluster dispersion according to the analysis by GSA, do not exhibit however the best Young's modulus. This fact is related to the intrinsic physical chemical properties of fiber's surface, which also plays an important role in composite's mechanical properties for a given degree of dispersion.
Electrical Conductivity of PP/CNFs Nanocomposites
The electrical volume conductivities of the PP/CNF composites are represented in Fig. 12 as function of CNFs' concentration. The conductivity of the neat PP is close to 10 210 S cm 21 . In general, except for PP/PR 25 PS XT composites, which show to be independent of filler loading, the volume conductivity increases as function of CNFs' content. PP/PR 25 AG composites, on their hand, show a slight increase of the electrical conductivity at 1.4 vol% fiber loading. Isolating composites, PP/PR 25 PS XT and PP/PR 25 AG, probably reach electrical thresholds at higher loading concentrations. PP/PR 19 LHT XT and PP/PR 24 LHT XT composites, in contrast, show sharp enhancements of the electrical conductivity: for the first case the samples at 0.9 vol% reach electrical conductivity values above 10 23 S cm 21 , whereas for the PR 24 LHT XT fibers, the most pronounced increase is produced at 0.5 vol%, with values of 10 24 S cm 21 . In addition, the PR 24 LHT XT fibers with shorter diameters showed electrical thresholds with lower contents of CNFs and the maximum values of conductivity for 2.4 vol%. Overall, the heat treatment of PR 24 and PR 19 fibres (LHT grade) with a more ordered structure on their fiber's surface and better intrinsic conductivity, together with their higher bulk density which allows better distribution and dispersion in the PP, unlike PR 25 fibers, demonstrate superior electrical conducting results for this particular polymer and processing method.
The variation of electrical properties with concentration for polymer/CNFs composites is usually understood in the framework of percolation theory. In addition, recent studies point out the interparticle and mean tunneling dis- tance as the main mechanisms for the electrical behavior [38] [39] [40] [41] . Furthermore, models involving the formation of capacitor networks seem to be more suitable to explain low percolation thresholds [42] . In a further discussion about conductivity in these two types of electrical conducting PP/CNFs composites, it was demonstrated that the higher values of experimental percolation thresholds (0.62% 6 0.07 for PP/PR 19 LHT XT composites, 0.42% 6 0.14 for PP/PR 24 LHT XT composites) compared with the theoretical prediction is due to the presence of agglomerates as it is showed in the morphological analysis [21] . In general, with the processing by TSE it is possible to tailor electrical conductivity. The conductive samples in the neighborhood of the electrical thresholds are well within the range of electrostatic dissipative materials (10 21 ). Finally, the lower variance obtained from the GSA analysis for PR 24 LHT XT composites correlates well with the higher conductivity values and the lower threshold when compared with the PR 19 LHT XT composites. In this regard, it is possible to observe that for the fibers better structurally tailored for conductivity, the GSA method allows differentiating the best conducting composite [41] .
CONCLUSIONS
Different CNFs have been used to prepare PP/CNFs composites by TSE and evaluate the variation of the main physical parameters as a function of fiber type and content. A quantitative method based on transmitted light optical microscopy by means of GSA was used to determine the cluster's dispersion of PP/CNFs composites. In addition, the electrical conductivity and mechanical properties were characterized and correlated with GSA.
Composites fabricated with CNFs with highly graphitic outer wall layers (PR 19 LHT XT and PR 24 LHT XT) Overall, thermogravimetric analysis showed to enhance the main thermal degradation parameters of the polymer and DSC indicated an enhancement of the degree of crystallinity with the addition of the different CNFs, being practically independent on the fiber content and type. In particular, composites fabricated with PR 25 PS XT fibers showed to have the best performance in terms of thermal stability and thermal degradation when compared with the rest of fibers, which may be the result from the better adhesion between PP and this particular fiber.
Finally, the results from analysis by GSA indicated a good correlation between variance and filler concentration. Furthermore, the analysis by GSA suggests that a dispersion limit, (related to the dispersions' capacity in processing by TSE), was attained at 1.4 vol%. However, the cluster's dispersion and distribution quantified by GSA can be used as an indicator for electrical conductivity levels for the fibers structurally tailored for conductivity.
